Clinical mercury resistant (Hg r ) Gram-negative bacteria carrying Gram-positive mercury reductase (merA)-like genes were characterized using DNA-DNA hybridization, PCR and sequencing. A PCR assay was developed which discriminated between the merA genes related to Staphylococcus and those related to the Bacillus/Streptococcus merA genes by the difference in size of the PCR product. DNA sequence analysis correlated with the PCR assay. The merA genes from Acinetobacter junii, Enterobacter cloacae and Escherichia coli were sequenced and shared 98-99% identical nucleotide (nt) and 99.6-100% amino acid identity with the Staphylococcus aureus MerA protein. A fourth merA gene, from Pantoeae agglomerans, was partially sequenced (60%) and had 99% identical nt and 100% amino acid identity with the Streptococcus oralis MerA protein. All the Hg r Gram-negative bacteria transferred their Gram-positive merA genes to a Gram-positive Enterococcus faecalis recipient with the resulting transconjugants expressing mercury resistance. These Gram-positive merA genes join Gram-positive tetracycline resistance and Gram-positive macrolide resistance genes in their association with mobile elements which are able to transfer and express in Gram-negative bacteria.
Introduction
Bacterial resistance to mercury compounds is widespread [1] [2] [3] [4] [5] . Bacteria have a number of different genes which confer mercury resistance (Hg r ), though the most common is due to the presence of a mercury reductase (merA) gene which reduces reactive ionic Hg 2+ to volatile monatomic and less toxic elemental Hg 0 [1] . The merA gene is usually part of a mer operon which contains up to eight additional genes. The mer operon has often been linked to antibiotic resistance genes [2, 3] . The mer genes have been found on chromosomes, integrons, plasmids, and transposons and have been identified in Enterobacteriaceae from the pre-antibiotic era (1931) (1932) (1933) (1934) (1935) (1936) (1937) (1938) (1939) (1940) [4, 5] . Gram-negative and Gram-positive bacteria, from wide variety of clinical and environmental sources, have similar sets of Hg r genes in their operons which reduce Hg 2+ to Hg 0 [2, 3] . Mercury resistance can be found on the same elements as antibiotic resistance genes and often have a similar worldwide distribution as antibiotic resistance genes [4] [5] [6] [7] [8] . Thirty years ago, it was thought that there were physiological barriers which inhibited gene movement between unrelated Gram-negative bacteria, however in the 1970s the enteric TEM b-lactmase was identified in clinical resistant Neisseria gonorrhoeae and Haemophilus influenzae [9] . More recently, the hypothesis of a physiological barrier between Grampositive and Gram-negative bacteria preventing exchange of DNA has been challenged with the realization that the Gram-positive tet(M) gene, coding for a 0378 tetracycline resistant ribosomal protection protein, was widely distributed in both Gram-positive and Gramnegative bacteria [9, 10] , http://faculty.washington.edu/ marilynr/. Similarly, the Gram-positive macrolide resistant mef(A) efflux gene, which codes for efflux of macrolides, is now commonly found in randomly selected Gram-negative bacteria [11] , http://faculty.washington.edu/marilynr/. In this study, we examined whether Hg r Gram-negative oral and urine bacteria contain Gram-positive merA genes using DNA-DNA hybridization, PCR and DNA sequencing.
Materials and methods

Bacterial isolates
A group of Gram-negative oral and urine isolates collected from healthy children in Lisbon, Portugal, who were participating in a randomized study designed to assess the safety of low-level mercury exposure from dental amalgam restorations and previously characterized for macrolide resistance genes were screened [11] . The isolates were from children who were 8-11 years of age during the recruitment period of February 1997 through April 1998, while isolates were available from cultures obtained between December 1997 and March 1999. The isolates were identified using CHROMagar orientation media (DRG International Inc, Mountainside, NJ) and standard biochemicals [12] chloride plus 500 lg ml À1 streptomycin to select for transconjugants, BHI agar supplemented with 500 lg ml À1 streptomycin to determine the number of E. faecalis recipient or BHI agar supplemented 100 lM mercury chloride to determine the number of donors present as previously described [11, 13] . All bacteria were incubated at 36.5°C.
Designing primers for detection of Gram-positive merA genes
To develop the Gram-positive merA primers for DNA-DNA hybridization, GenBank sequences for the following were used; X99457 from Exiguobacterium spp. plasmid, Y09907 from Bacillus megaterium, Y10104 from B. sphaericus [14] , L29436 from Staphylococcus aureus plasmid p1258 [15] and a partial sequence from E. faecalis CH116 were compared [14] . . DNA-DNA hybridization assays were done as previously described with 32 P-radiolabeled probes [11] .
2.4. DNA-DNA hybridization for merA genes DNA-DNA hybridization of Southern blots, whole cell bacterial dot blots, whole cell DNA dot blots, and/ or PCR dot blots were prepared as previously described. These were hybridized with the approriate 32 P-labeled probes as previously described [11] . Isolates, recipients and transconjugants were all tested for the Gram-positive and Gram-negative merA genes. Recipients did not carry either merA genes.
PCR detection of merA genes
The PCR assay for detection of the The size of the PCR product was either 1081 or 1644 nt depending on whether it is a Streptococcus/Bacillus or Enterococcus/Staphylococcus merA-like gene. The PCR products included the entire merA gene and was cloned and then sequenced. The reaction contained 2 U of Ex Taq polymerase (Fischer Scientific Co. Houston, TX), 200 lM deoxynucleoside triphosphates, 10· PCR buffer (1.5 mM MgCl 2 ), 100 ng of each primer and 30-40 ng of template DNA with initial 3 min at 96°C and 35 cycles with 30 s at 96°C, 1 min at 57°C, 72°C for 4 min and 10 min at 72°C. Positive controls and one negative control were included in each run (Fig. 1) .
The PCR assay for detection of the Gram-negative merA gene used the two primers (MERA5:5 0 ACC ATC GTC AGG TAG GGG AAC AA 3 0 ) and (MERA1: 5 0 ACC ATC GGC GGC ACC TGC GT 3 0 ) as previously described [15] . Isolates and their transconjugants were screened using DNA-DNA hybridization of whole cell dot blots and/or DNA dot blots for the presence of Gram-negative merA genes as previously described [6] .
Sequencing
The PCR products, with the complete merA genes, were cloned into the pCR was used for sequencing. which was done by the University of Washington, Department of Biochemistry, DNA Sequencing Center. Both DNA and amino acid sequences were compared with other merA genes from GenBank. The A. junii 329, E. cloacae 19, E. coli 11, and P. agglomerans 323 merA genes were assigned GenBank Accession Nos. AY614589, AY614588, AY628209 and AY650024, respectively.
Mating
Selected Hg r clinical isolates were used for conjugation experiments (Table 1) . Matings were performed on agar plates using E. faecalis JH2-2 as the recipient [11] . The transconjugants were identified as Hg r E. faecalis Gram-positive cocci which could grow on BHI agar plates (Difco Laboratories) supplemented with 100 lM mercury chloride and 250 lg ml À1 streptomycin as previously described. Matings were done as previously described for transfer of antibiotic resistance genes [11, 13] . In other experiments an E. coli HB101 recipient was used in the matings as previously described [11] . The type of merA gene in the Hg r E. faecalis and Hg r E. coli transconjugants were verified using DNA-DNA hybridization, PCR assay and/or partial sequencing. and the Hg r Streptococcus sp. of 1081 nt (Fig. 1, lanes 1  and 8) , as expected (Fig. 1, lanes 2-7) . All 14 of the Hg r isolates could be labeled as carrying Streptococcus merA-like or Enterococcus/Staphylococcus merA-like based on the size of the PCR product produced (Table  1 , Fig. 1) .
Results
Detection of merA genes
Eleven (79%) of the 14 isolates also carried a Gramnegative merA gene, while the remaining three isolates were negative for Gram-negative merA gene by DNA-DNA hybridization and by PCR ( Table 1 ). The three isolates that did not carry the Gram-negative merA gene, based on DNA-DNA hybridization and PCR assay, included Acinetobacter junii 329, Ralstonia picketti 330, and Morganella morganii 6 ( Table 1) .
The Gram-positive merA gene sequences
To verify that the PCR assay correctly grouped the merA gene, four isolates representing four genera were selected for sequencing. The PCR amplicons were cloned into pCRÒT7/NT-TOPOÒ vector (Invitrogen) and sequenced from start to stop codon. The A. junii 329, E. cloacae 19, and the E. coli 11 Gram-positive merA genes were completely sequenced and the DNA sequences compared with the S. aureus merA (L29436) and the amino acids compared (Fig. 2(a) ). The A. junii 329 sequence shared 98% nt and 99.6% amino acid homology with the S. aureus merA gene and MerA protein. Two base pair substitution were identified and included an A to C nt change which resulted in a conserved amino acid substitution from an aspartic acid to glutamic acid at codon 369 and a C to T nt change resulted in a amino acid substitution from alanine to valine at codon 519 ( Fig. 2(a) ). Three other nucleotide changes within the A. junii 329 merA sequence did not alter the amino acid sequence. The E. cloacae 19 and E. coli 11 merA sequences shared 99% bp and 100% amino acid homology with the S. aureus merA (Fig. 2(a) ). Sixty percent of the merA gene from P. agglomerans 323 was sequenced and shared 99% bp and 100% amino acid homology with the Streptococcus oralis merA gene and MerA protein respectively (CAE46804) (Fig. 2(b) ). The merA genes from C. freundii 299, K. oxytoca 561, Klebsiella sp. 7 and Klebsiella sp. 8 were partially sequenced and in each case the merA sequences correlated with the size of the PCR product obtained (Table 1) .
Mating experiments
Thirteen of the isolates were used as donors with E. faecalis and/or E. coli as the recipient (Table 1) . Transfer frequencies were low but varied between 1.0 · 10 À5 and 2.0 · 10 À9 /recipient with the E. faecalis recipient ( Table  1 ). The presence of the Gram-positive merA genes were verified by DNA-DNA hybridization, PCR assay and/ or partial sequencing of the PCR product from the E. faecalis transconjugants. None of the E. faecalis transconjugants carried a Gram-negative merA genes. There was no consistent differences seen between strains carrying both a Gram-positive and Gram-negative merA genes with those only carrying the Gram-positive merA gene (data not shown). All the transconjugants were phenotypically Hg r . Seven of the donors which carried both the Gram-positive and Gram-negative merA genes were used in matings with an E. coli recipient. Transfer of the Hg r phenotype varied between 1.8 · 10 À5 and 4.7 · 10 À9 /recipient and the E. coli transconjugants carried the Gram-negative mer A gene but not the Grampositive merA gene (Table 1 ).
Discussion
The merA genes from Gram-negative and Gram-positive bacteria have been studied for a number of years [1] [2] [3] [4] [5] [6] [7] [8] [14] [15] [16] [17] [18] [19] . However, to our knowledge, this is the first time the Gram-positive merA genes have been identified in Gram-negative bacteria, suggesting that gene exchange across major physiological barriers does occur, which is analogous to what has been previously described in Gram-positive tetracycline and macrolide resistant genes [9] [10] [11] . The expression of the Hg r occurred in all 14 isolates, including the three isolates which did not carry the Gram-negative merA, suggesting that at least in the three isolates the Gram-positive merA genes were expressed. Hg r E. faecalis transconjugants all carried a Gram-positive merA gene and no plasmids were found (Table 1 ). The host range of the Gram-positive merA genes suggest that they were associated with conjugative transposons in the Gram-negative donors. Eleven isolates carried both the Gram-positive and Gram-negative merA genes and the 10 used in matings were able to transfer their Gram-negative merA gene to an E. coli recipient but not to the E. faecalis recipient. Selective transfer, based on the nature of the recipient, is similar to what we found when looking at transfer of the Gram-negative esterases and phosphorylases, which confer macrolide resistance, from Gram-negative donors to either E. coli or E. faecalis recipients [11] .
The presence of Gram-positive merA genes in the Gram-negative population we studied does not seem to be a rare event. In fact, of the 176 original isolates in the previous study [11] , 87 (49%) hybridized with the Hg1 and Hg2 primers and included 56% of the oral and 43% of urine isolates. This suggests that the Grampositive merA genes were common among this bacterial population. In addition, two groups of the Grampositive merA genes, those related to the Enterococcus/ Staphylococcus and a second group related to the Streptococcus merA genes, were present in the bacterial population from healthy children. The Enterococcus/Staphylococcus could be distinguished from the Streptococcus merA gene by the size of the PCR products produced (Fig. 1) as well as by their nt differences ( Fig. 2(a) and (b) ). Both types of merA genes were found in oral Klebsiella and from both the oral and urine isolates (Table 1) . These 14 isolates also carried a Gram-positive conjugative mef (A)-msr (D) mobile element which could be transferred to both Gram-positive and Gram-negative recipients [11] . We found co-transfer of these macrolide resistance genes with the Gram-positive merA genes. The mef (A)-msr (D) element appears to be on a composite transposon(s) (authors unpublished observations) and we are currently working to determine if these are physically linked. In addition, seven of the isolates studied also carry the Gram-positive tet(M) gene, which is usually associated with a promiscuous transposon of the Tn916-Tn1545 family [10] .
The Gram-positive merA genes are more widely distributed then previous thought and screening for these genes should be included in future studies of Hg r Gram-negative bacteria. What role, if any, the Grampositive merA genes and/or their mobile elements, may play in bacterial evolution in Gram-negative bacteria will require further study. It is clear that other ecosystems need to be examined to determine if what was found in these isolates, can be extrapolated to Hg r Gram-negative bacteria in other populations and environments.
